We report here that the efficiency of the click chemistry between the terminal azide and alkyne groups of different polymer chains could be drastically increased with the addition of an optimum amount of water into a reaction system. That is, the efficiency was only slightly promoted by the addition of a small amount of water into the reaction mixture. However, the reaction efficiency was increased dramatically near the water volume fraction to lead the reaction mixture into nanosized phase separation. Further increasing in water content caused the polymer(s) to undergo macroscopic phase separation and the click reaction efficiency was decreased once again. The enhanced efficiency of click coupling reaction including conversion and rate was also demonstrated via in-situ 1 H-NMR. The reaction kinetics as well as reaction rate constant for these reaction system with typical water content were also evaluated. This finding on enhanced click reaction is of practical value, because click reactions in polymer synthesis are generally more difficult to be carried out and proceed relative slowly at low yield in most case because of the strong steric hindrance effect from "large and long" polymer chains, as compared to "click" reactions which are employed for preparation of the low molecular weight organic compounds.
Introduction
Recently, "click" chemistry, especially the most popular Cu(I)-catalyzed 1,3-dipolar cycloaddition reaction between an azide and an alkyne, has been widely used in polymer synthesis and material fabrication owing to its high reaction efficiency, high functional group tolerance and solvent insensitivity under less stringent experimental conditions. [1] So far, many types of organic reactions in a homogeneous aqueous solution, such as Diels-Alder cycloadditions, Claisen rearrangements, ene reactions, nucleophilic opening or epoxide reactions, etc, have been reported that were accelerated by using water as solvent.
[2] Sharpless and co-workers showed in their pioneered work that, for a click reaction, the reaction time for a heterogeneous mixture of reactants and water is dramatically even shorter than that of the same homogeneous solution of reactants in water. [3] The authors hence termed the reactions as "onwater" reactions since water is immiscible with organic reactants and thus not used as a solvent but floats reactants on the water-emulsion surfaces. [3] Recently, Fu and his colleagues reported a quick, efficient copper-catalyzed "click" chemistry between water insoluble aliphatic/aryl azides and alkynes "on water" at room temperature. [4] These findings show that addition of water will have obvious impact on chemistry for the preparation of low molecular organic compounds either in watersoluble system (homogenous reaction "in water") or water-nonsoluble system (heterogeneous reaction "on water"), which might also be properly termed as "in the presence of water". [5] Therefore, one might suppose that water might have similar effect on the Cu(I)-catalyzed azide-alkyne cycloaddition for polymers preparation. Very recently, we reported our finding that the click reaction for homopolymers bearing terminal azide and alkyne groups increased dramatically near the water volume fraction where one or both of the reacting polymers began to precipitate. [6] In this communication as shown later, we continually report that the efficiency of "click" coupling reaction between poly(ethylene glycol) monomethyl ether with a terminal azide group (MPEG-N3) and poly(N-acryloyl-L-valine N"-methylamide) with a terminal alkynye group (PAVMA-C CH), was drastically enhanced in DMF at an optimum water content, and mainly focus on the kinetic study for these reaction system with typical water content.
Results and discussion
The synthesis protocols and characterization methods for MPEG-N 3 and PAVMA-C CH, were reported in our previous paper, [6b] The detailed procedures for them are not discussed here. Since we focus our study on the effect of water on the click reaction between these two precursors, for comparison, we carefully characterized the molecular characters of precursors, such as number average polymerization degree (DP), molecular weight polydispersity index (M w /M n ) by using 1 H-NMR (Bruker DMX-400 in DMSO-d 6 ) and size exclusion chromatography (SEC). Here, SEC analysis was performed using DMF as the eluent and monodisperse PS samples as the calibration standards. The M n value of MPEG-N 3 from 1 H-NMR end group analysis is well consistent, within experimental error, with the value of 5.0 × 10 3 g/mol that was specified by the supplier, Aldrich. The DP for PAVMAC CH, as evaluated by comparison of the peak area of dodecyl groups in DMPE with that of -CH-in PAVMAC CH backbone according to the 1 H-NMR spectrum, was 56 which was also close to the designed numbers with monomer conversion of 85 %.
Tab. 1. Molecular characteristics of resultant MPEG
M w /M n (SEC) It should be noted that the method for determining the amount of the coupled product is highly important to evaluate the efficiency of click coupling reaction. Two methods including 1 H-NMR and gravimetric analysis were tried. After click reaction, the crude product was purified by directly dispersed in water (30 0 C) before centrifuged to remove the unreacted PAVMA-C CH, and then the dispersion was dialyzed against water to remove the unreacted MPEG-N 3 and other low molecular impurities using a regenerated cellulose bag with a cut-off (MWCO) about 50,000 by changing with deionzed water once every 6 h over 3 days.
[6b] The amount of pure product was obtained gravimetrically. The yields could also be obtained from
That is, before the reaction, the peak corresponding to the protons of the methylene attached to alkynyl group appeared at 4.81 ppm. This peak shifted to 5.12 ppm after triazoleformation. Thus, the yield of a reaction could be conveniently calculated from the ratio of the area of the peak at 5.12 ppm to the total area of the peaks at 4.81 ppm and 5.12 ppm. The results from the gravimetric and NMR methods were agreed with each other within experimental errors. Thus, only the NMR method was used in the later stage of this study.
To study the effect of water addition on the click reaction, we initially performed the reaction in dry DMF (which was dried with anhydrous MgSO 4 before distillation under vacuum) with addition of small amount of water (0.6 vol %) to ensure the full dissolution of CuSO 4 /SA catalyst system. The evidences, for example, unimodal peak distribution with polydispersity index of 1.16 from SEC analysis and a mole ratio of 1.12 from 1 H-NMR for PAVMA to MPEG in the diblock copolymer after purification, demonstrate the formation of diblock copolymer by click coupling reaction (Table 1) . Since a mole ratio of 1.11 for PAVMA/MPEG in the diblock copolymer as calculated from 1 H-NMR is very close to the theoretical value of 1.12 from the corresponding precursor (50/56), this demonstrate that the diblock copolymer was efficiently purified by present method. However, the yield was less than 6 % as determined either from gravimetric method or from 1 H-NMR analysis. We then performed the click coupling reactions in similar condition in DMF except loading with various amounts of water. The conditions used and the results are summarized in The results show that as the water content was increased from 2.0 % to 10.5 %, the yields from 1 H-NMR exhibited a slight increase from 12 % to 23 %, whereas the yields were drastically increased from 46 % to 87 % as the water content increased from 12.1 % to 16.7 %. [6a] As the water content further increased to 22.3%, the yield was decreased to 9 %. A careful examination for the results is shown in Table  2 , we found that the appearance of the reaction mixture is quite different. That is, low coupling yields corresponded to the reaction mixture in either homogenous clear solution or cloudy state, while the higher yields corresponded to the mixture in clear solution but with lightly green colour. The reaction mixture of transparent but with lightly green colour suggests that there should be formed some dispersed particles. MPEG-N 3 is soluble in both DMF and water, whereas the PAVMA-C CH is soluble in DMF but not readily soluble in water, as the water content introduced in the reaction system, the random coil of PAVMA-C CH chain in DMF should become compact in the low water content and undergone nano-sized phase separation with high water content and further micro-and/or macro-phase separation with addition of water. Obviously, the click reaction proceeds on the boundary between the two phases in optimum water content. MPEG-N 3 is much more soluble and attacks the surface of PAVMA aggregates. After the reaction the PAVMA-C CH nano-particle from nanosized phase separation in proper water content turned to core-shell type with MPEG shell. To verify this assumption, controlled experiments were carried out. That is, after the reaction with a water content of 16.7%, the reaction mixture was centrifuged at 2250 g for 30 min and transformed into fridge at 8 0 C for 10 h, a transparent solution with light green colour could still be viewed compared to the fact that, however, mixture from same procession with same recipe except free of catalyst turned from clear solution with light green colour to colourless solution with PAVMA-C CH precipitates in the bottom, suggesting the formation of stable nano-sized particles with soluble MPEG shell and nonsoluble PAVMA core.
To further confirm the formation of core-shell type particle with MPEG shell and PAVMA-C CH core from nano-particle of PAVMA-C CH nano-particle from nanosized phase separation, we performed dynamic light scattering measurements for the reaction mixture with water content of 16.7% that remained in solution after centrifugation to determine the diameters of the particles before and after reaction. The average hydrodynamic diameter (d h ) of the particles from PAVMA-C CH is 55±11 nm before reaction, whereas d h value of the particles drastically increased to 78±13 nm, this clearly indicated that the formation of cores-shell particle during reaction.
In order to clearly "view" the enhanced ability of water to the "click" coupling reaction between MPEG-N 3 and PAVMA-C CH, two water contents at which the reaction mixture was respectively in clear state and nano-sized phase separation state were chosen. Figure 1a shows the relationship between conversion of PAVMA-CCH and time. Indeed, it clearly shows that the conversion achieved to about 87 % at f v,H2O =16.8 % after 20 h comparing with that of only about 14 % at f v,H2O =5.0 % after 20 h, which was consistent with that observed from gravimetric and 1 H-NMR analysis after purification of diblock copolymer sample. Since the parameters that Marcus used for calculation of rate constant of "on water" reaction are not accurately known, [7] we thus roughly calculate rate constant in unit s . Therefore, it clearly demonstrates that the coupling reaction between MPEG-N 3 and PAVMA-C CH is enhanced not only for high conversion but also for high rate by a times of 39 (0.26/0.0067) for click reaction carried out in nano-sized phase separation state compared with those carried out in clear solution state.
In conclusion, the explanation for the phenomenon of dramatic water-induced enhancements of the conversion and rate of polymer coupling via click chemistry is believed to base on two reasons, i) one is that water acts in polymer coupling via click chemistry at optimum water contents as similar role as that for low molecular reactions carried out "on water", [3, 4, 5, 7] 2) the other is that the click reaction proceeds on the boundary between the two phases owing to nano-sized phase separation, and MPEG-N 3 is much more soluble and readily attacks the surface of PAVMA-C CH aggregates. At lower water content, the reaction mixture was in homogenous solution state, the lower coupling rate was possibly ascribed to the strong steric hindrance effect from "large and long" polymer chains. [1] However, further increasing in water content caused the polymer(s) to undergo macroscopic phase separation and the click reaction efficiency was decreased once again.
Experimental section
The synthesis protocols for monomer, N-acryloyl-L-valine N'-methylamide (AVMA), and 2-dodecylsulfanylthiocarbonylsulfanyl-2-methyl-propionic acid propargyl alcohol ester (DMPE) were reported in our previous paper. Kinetics of "click" reactions was studied by in-situ 1 H-NMR monitoring in DMF-D 7 at different D 2 O content using a Bruker DMX-300 spectrometer at 80 0 C. After bubbling the reaction mixture with nitrogen for 10 min, CuSO 4 /SA aqueous solution was added into the reaction flask with a syringe under vigorous stirring. Then, 0.8 mL of the solution was quickly transferred into a Young"s tap NMR tube and sealed in a glove box with full of argon before it was placed in NMR holder and heated to 80 °C. The first spectrum was recorded as t=0. Other spectra were recorded and collected once every one hour over 20 h at a scanning rate of 256 times/minute and a delay time of 3 seconds. Conversions were evaluated by comparing the intensity of the peak at =4.81 ppm from -CH 2 -adjacent to alkyne with that at 5.28 ppm from -CH 2 -after triazoleformation.
Dynamic light scattering (DLS) instrument, which is a zeta PALS from Brookhaven instruments corporation equipped with a He-Ne laser operated at 632.8 nm, was employed to evaluate hydrodynamic radius for the particles before and after reaction at a scattering angle of 90 ° at 20 °C. To achieve this, after stopping the reaction mixture with water content of 16.7%, the mixture was centrifuged at 2,250g for 30 min to remove any large particles before DLS measurements. To avoid error induced from click coupling reaction, the particles formed before reaction was measured by similar procedure for the mixture in similar recipe except free of catalyst.
